Slip events with an average duration of about 10 days and effective total slip displacements of severalc entimetres have been detected on the deeper (25 to 45 km) part of the northern Cascadia subduction zone interface by observing transient surface deformation on a network of continuously recording Global Positioning System (GPS) sites. The slip events occur down-dip from the currently locked, seismogenic portion of the subduction zone, and, for the geographic region around Victoria, British Columbia, repeat at 13 to 16 month intervals. These episodes of slip are accompanied by distinct, low-frequency tremors, similar to those reported in the forearc region of southern Japan. Although the processes which generate this phenomenon of episodic tremor and slip (ETS) are not well understood, it is possible that the ETS zone may constrain the landward extent of megathrust rupture, and conceivable that an ETS event could precede the next great thrust earthquake.
Introduction
Beginning in 1992, increasing numbers of automated continuous Global Positioning System (GPS) sites have been established in southwestern British Columbia and northwestern United States in order to monitor crustal motions due to present-day tectonics. Analyses of GPS data from these sites have confirmed that long-term elastic deformation occurs along the northern Cascadia Margin due to the locking of converging plates across a portion of the subduction interface between the Juan de Fuca plate and the overlying North America (NA) plate (cf. Mazzotti et al., 2003) . The motion vectors shown in Fig. 1 are based on the linear trends in the time series of changes in horizontal positions of GPS sites with respect to the reference site DRAO, located south of Penticton, British Columbia, and assumed fixed on the NA plate. The pattern of the regional crustal velocity field is a key constraint in determining the location and extent of the locked fault zone-i.e. that portion of the fault that will ultimately rupture in a great subductionthrust earthquake (cf. Wang et al., 2003) . However, over the last three years it has become clear that some of the regional GPS sites located in the Cascadia forearc experience repeated periods of transient motion opposite to the longterm linear trends and these brief reversals of motion, which can be modeled by slow slip on the deeper plate interface, are accompanied by distinct seismic tremors.
Geodetic Signature of ETS
Since the discovery of "silent" slip on the Cascadia Subduction Zone (CSZ) by Dragert et al. (2001) , the reexamination of past GPS data has revealed that the motions Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
of continuous GPS sites in northern Cascadia are marked by numerous, brief, episodic reversals. This is best illustrated by the east-component time series at the Victoria GPS site (ALBH) where the motion relative to DRAO is clearly characterized by a sloped saw-tooth function: For periods of 13 to 16 months, there is eastward motion that is more rapid than the long-term rate, followed by a 1 to 3 week period of reversed motion (see Fig. 2 ). The surprising regularity of these brief reversals, first pointed out by Miller et al. (2002) , is summarized in Table 1 which lists the dates for the midpoints of the transients for ALBH. These dates were determined by running a 160-day, zero-mean, saw-tooth function along the de-trended east component time series of the two longest running regional GPS sites at Victoria (ALBH) and Neah Bay (NEAH). The normalized cross-correlation results (shown by the orange graph in Fig. 2 ) were able to resolve the mid-point of slip occurrences with a precision of ∼2 days. Results for ALBH and NEAH were identical, indicating that both sites were responding to the same sequence of events.
The magnitude and direction of the surface displacements during reversals, the average linear trend for the 13 to 16 month inter-slip periods, and annual signals were estimated by regression on the north and east components. At ALBH, amplitudes for annual signals were 0.3 and 0.7 mm in the north and east components respectively which is an order of magnitude smaller than displacements associated with slip events. The average inter-slip linear trends were significantly greater than the secular (interseismic) trends. The recurrence interval for the transient events is 447 ±37 days and the next ETS event for southern Vancouver Island is expected in September 2005. The average surface displacement is approximately 5 mm in a direction opposite to the longer-term deformation motion. For two of the larger (in area) transient events, time delays for the onset of the brief reversals could be resolved (Fig. 3) . The July 1998 event moves out bi-directionally parallel to the strike of the subduction zone whereas the August 1999 event moves, either continuously or in steps, from the southeast to the northwest. The speed of the along-strike migration ranges from 5 to 15 km per day.
Seismic Signature of ETS
Prompted by the findings of non-volcanic deep tremors in southern Japan (Obara, 2002) with depths and migration velocities similar to CSZ slip events, a search of available digital records between 1997 and 2003 from sites of the Canadian Seismic Network located on southern Vancouver Island (Fig. 4(A) ) revealed that tremor-like seismic signals (Fig. 4(B) ) correlated temporally and spatially with the slip events (see Fig. 2 ). Similar to those observed in Japan, these seismic tremors are different from small earthquakes. Their spectra show a distinct absence of energy above 5 Hz, whereas small earthquakes produce significant energy above 5 Hz. A tremor onset is usually emergent and the signal consists of pearls of energy, often about a minute in duration. These pulsating signals may last from a few minutes to several days. Tremors appear strongest on horizontal seismographs and propagate at shear wave velocities. Tremor on an individual seismograph is unremarkable, appearing no different from transient noise due to wind or cultural sources. It is only when a number of seismograph signals are viewed together that the similarity in the envelope of the seismic signal at each site identifies the signal as ETS.
Tremor activity migrates along strike of the subduction zone in conjunction with the deep slip events at rates ranging from about 5 to 15 km per day. Sometimes the migration is gradual, but other times there is a jump from one region to another. Tremors range in amplitude and the strongest can be detected as far as 300 km from the source region. During an ETS event, tremor activity lasts about 10 to 20 days in any one region and contains tremor sequences that have amplitudes at least a factor of 10 larger than the minimum detectable tremor amplitude. Because of the emergent nature of the tremors, they are difficult to locate as precisely as nearby earthquakes using standard earthquake location procedures. However, using the strongest peak within correlated tremor envelopes as a common phase, these procedures produce source depths of 20 km to 40 km with uncertainties of several kilometres. Deeper solutions are in the northeast band of the forearc and better constrained solutions are near the subduction interface or just above it. The fact that surface displacement patterns have been satisfactorily modeled using simple dislocations of 2 to 4 cm on the plate interface bounded by the 25 km and 45 km depth contours strongly suggests a spatial correlation with the source region of tremors.
Elastic Slip-Dislocation Models
The similarity of the transient events is also shown by the similarity of simple slip-dislocation models which best fit the observations. We assume that slip occurs at the plate interface and using the subduction interface geometry from Flueck et al. (1997) , the displacements observed at each site over the time of the slip are used to constrain the location, area, and amount of the slip with a trial-and-error approach. In the model, slip is assumed to be uniform over a deeper segment of the curved plate interface and linearly tapers to zero across a shallower segment immediately updip. We have also tested models that allow the slip to taper to zero over a downdip segment as well, but models without such tapering fit the GPS data either better or equally well. The zones of uniform slip and linear tapering are defined by points along margin-normal cross sections of the plate interface. We adjust the widths of the two zones by moving these points updip or downdip until the model-predicted ALBH (Victoria) with respect to DRAO (Penticton) which is assumed fixed on the North America plate. Continuous green line shows the long-term (interseismic) eastward motion of the site. Red saw-tooth line segments show the mean elevated eastward trends between the slip events which are marked by the reversals of motion every 13 to 16 months. Orange graph shows the normalized cross-correlation obtained by cross-correlating the de-trended GPS time series with a 160-point zero-mean sawtooth segment used to determine the dates for the slip events in Table 1 . Bottom graph shows the total number of hours of tremor activity observed for southern Vancouver Is. within a sliding 10-day period (complete annual records examined from 1999 onward). 10 days corresponds to the nominal duration of a slip event. Pronounced tremor activity coincides precisely with slip events. The transients are not simultaneous at the sites. The 1998 event shows bi-directional propagation whereas the 1999 event shows uni-directional motion from SE to NW. The move-out velocity along the strike of the subduction zone averages ∼15 km/day over the first 10 days. The 1999 rupture may have slowed down or moved in distinct steps as it propagated to the NW, making the mean propagation ∼6 km/day. . Models for slow slip events. We adopt the geometry of the subducting plate interface established from structural studies (Flueck et al., 1997) and assume simple linear slip distribution directed up-dip. The four panels illustrate the results of elastic dislocation modeling (Okada, 1985) of four recent slip events. Blue arrows show observed horizontal surface displacements with 95% error ellipses that were used to constrain the models; green arrows show surface displacements obtained from separate analyses and not used in model constraint; yellow vectors show model displacements. Dark shading indicates fault areas with full slip whose magnitudes are shown in panel headers; light shading indicates fault areas where slip is tapered linearly from full to zero at the up-dip end. Also shown are equivalent moment-magnitudes assuming a rigidity of 40 Gpa.
surface displacements at most GPS stations are within the error ellipses of the observed displacements. Figure 5 shows updated modeling results for four of these events. The good agreement between observed and modeled displacements shows that the transient motions can be represented by simple slip on the subducting plate interface between depths of 25 and 45 km and the slip region is parallel to the strike of the subducting plate. The downdip boundary appears to be sharper whereas the updip boundary is more diffuse, requiring a gradual tapering of the slip amplitude. Although the maximum slip is only a few centimetres per event, the large area of slip generates an equivalent moment magnitude for these "slow earthquakes" ranging from 6.5 to 6.8. A formal inversion of the GPS data could potentially resolve a more detailed slip distribution. However, because of the very few stations involved in each slip event, the inverse problem is extremely underdetermined. McGuire and Segall (2003) have used our 1999 data to test a newly developed inversion algorithm. Their solution is consistent with our simple model in terms of the average direction and magnitude of fault slip but shows large shortwavelength variations of the slip. Our uniform-slip model and their variable-slip model are end members allowed by the same GPS observations.
Better constraints for the slip distribution can be provided in the future by having strain monitoring as well as additional GPS stations. Densification of GPS coverage is required to resolve the details of the horizontal and vertical surface deformation predicted by the models (see Fig. 6 ). Volumetric strain due to these slips is measurable by borehole strainmeters and may also produce fluid pressure changes that can be monitored by borehole pressure sensors. Strain patterns predicted by our slip models provide important information for the planning of future strain or pressure monitoring work. In Fig. 6 we show the dilatational and shear strain predicted by our model for the 1999 slip event. Maximum contraction and shear is predicted for locations along the coastal margin with secondary maxima about 50 to 70 km inland. These bands of maximum strain are separated by a region of extension and minimum shear. The northern and southern ends of the displacement and strain patterns are strongly affected by model edge-effects and are not well constrained.
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Discussion
The horizontal motions of GPS sites in the northern Cascadia forearc are best represented by a sloped sawtooth function (SSF) and the sharper edges of the function, symptomatic of brief motion reversals, can be modeled by simple slip on the deeper subduction interface. The SSF is characterized by the long-term trend, the trends between slips, and the frequency and magnitudes of the reversals. The long-term trend is indicative of the net accumulation of stress across the locked portion of the (shallow) plate interface which is released every 500 to 600 years in a great subduction-thrust earthquake. The augmented trends between slips require temporary (13 to 16 months) stress accumulation at greater depths to account for the enhanced easterly deformation velocities which are most pronounced at inland forearc sites. Then, for reasons not yet fully understood, this stress is relieved during the episodes of "slip" causing the overlying crust to move in a direction opposite to the long-term interseismic motion over a period of one to two weeks. The episodic displacement at ALBH appears to be regular (5 ±1 mm; at an azimuth of −114 ±10 degrees) and does not appear to depend on the alongstrike extent of a slip episode, suggesting that the same fault area beneath ALBH is involved in each slip. This relief of stress is accompanied by distinct seismic tremors occurring on and/or above the subduction interface. Nearly periodic slip of patches of a plate boundary fault in a given time window is not uncommon. For example, numerous "repeating earthquakes" have been observed on the subduction thrust at the Japan Trench, each indicating the repeated rupture of a small fault patch surrounded by areas of stable sliding (Igarashi et al., 2003; Uchida et al., 2003) .
This temporal behaviour forces a revision of kinematic constraints used for the "transition zone" in elastic slipdislocation models (Fig. 7) . The long-term (inter-seismic) velocities are best modeled using an "effective" transition zone (ETZ) suggested by Wang et al. (2003) . The shortterm (inter-slip) velocities require an elevated slip deficit over the deeper portion of the ETZ whose precise magnitude is not well defined, but modeling is currently underway to estimate the magnitude of transient inter-slip coupling. An average slip of 3 cm every 14.5 months implies a temporary slip deficit of at least 25 mm/yr at these depths, which would account for about 2/3 of the full convergence rate. The other 1/3 could be accumulating over the interseismic period or could be (partly) released during minor ETS Fig. 7 . Distribution of slip deficit at CSZ interface across the northern Cascadia margin. Slip-deficit rates needed for back-slip modeling of the interseismic and inter-slip surface velocities are shown schematically and are not quantitative. The nominal locked or "brittle" zone extends from (near) surface downdip to the T1 isotherm (depth∼15 km), and is subject to full plate-rate slip deficit. The linear transition zone used by Flueck et al. (1997) extends from the T1 to T2 isotherm (depth∼25 km). It was previously assumed that free slip occurred downdip from T2. Wang et al. (2003) proposed an "effective" transition zone extending from the T1 to T3 isotherm (depth∼45 km) whose temporal average slip-deficit is given by an exponential decay from full to zero (orange curve). This revision was required to account for the higher long-term deformation rates observed at inner margin GPS sites. The red line shows the down-dip slip deficit required during the 14.5 mo period between occurrences of slip to account for the augmented strain accumulations which are released at the time of slow earthquakes. activity throughout the year, marked by observed scattered tremor activity, generally lasting less than 2 days, whose surface displacements are too small for current GPS resolution. The kinematics described above suggest a new conceptual model for the motions and coupling across the CSZ plate interface. Figure 8 shows the displacement and stress as a function of time for the different zones on the plate interface. The displacement represented is permanent displacement immediately across the plate interface in the direction of convergence between the Juan de Fuca and North America plates; the stress is the incremental shear stress across the plate boundary. For the regions well offshore and for the deep zone where temperatures allow plastic behaviour, plate motions are steady at nominal plate convergent rates and no stress accumulates. Across the portion of the interface in the ETS zone, displacements occur in discrete steps and accommodate plate rates in a stair-case fashion as small amounts of stress accumulate and are repeatedly relieved. At the locked portion of the interface, no relative displacement occurs until the mega-thrust rupture. Because of the effective "stick-slip" behaviour of the ETS zone immediately downdip, stress accumulates on the locked zone in a saw-tooth fashion, not continuously as previously assumed. Such a conceptual model has two immediate implications for regional seismic hazard: 1) the updip limit of the ETS zone may mark the downdip limit of rupture for the next megathrust earthquake; and 2) the likelihood of a megathrust earthquake is enhanced at the time of and immediately after ETS activity (Mazzotti and Adams, 2004) . As illustrated in Figs. 7 and 8, the transition from the locked zone to the ETS zone is not well defined. However, it is likely that ETS activity prevents any significant long-term accumulation of stress in the ETS zone and consequently, coseismic rupture will not penetrate into this zone. Supporting this hypothesis is the example from the Nankai subduction zone (Fig. 9) . The location of deep tremors as mapped by Obara (2002) delineates the downdip limit of coseismic outer contour is the 1 m contour) derived by Sagiya and Thatcher (1999) for the Tonankai and Nankaido earthquakes have been overlain on a map of non-volcanic tremors published by Obara (2002) . The tremors, having an average depth of 30 km, appear to delineate the downdip extent of coseismic rupture (and possible afterslip) along the strike of the subduction zone.
rupture estimated by Sagiya and Thatcher (1999) for the 1944 Tonankai (Mw=8.1) and 1946 Nankaido (Mw=8.3) earthquakes. Sagiya and Thatcher's estimate of rupture was based on geodetic and tsunami data and therefore could include deep afterslip. A more recent estimate of the Tonankai rupture zone derived from low-gain seismograms alone (Kikuchi et al., 2003) provides even stronger evidence that tremors occur well downdip of the seismic rupture zone and therefore can act as a proxy for the landward limit of megathrust rupture. As well as the spatial significance of the areas of slip on the CSZ interface, the repeated occurrence of slip may provide the first temporal constraint for impending earthquakes. Simple Coulomb stress calculations illustrate the transfer of stress (Fig. 10) due to episodic deep slip. The locked thrust zone directly up-dip is brought slightly closer to failure. The magnitude of the Coulomb stress increment on the locked zone is small, amounting to 0.15 bar maximum for a 2 to 3 cm slip. This is of the same order as stress changes induced by ocean loading at coastal margins (Cochran et al., 2004) . However, for a deep slip event, not only is the Coulomb stress enhanced, but a dynamic (slow) rupture is taking place which is subsequently encouraged to propagate into the locked zone. The process of deep slip leading to a thrust earthquake is considered responsible for the 1960 (Mw = 9.5) Chilean earthquake (Linde and Silver, 1989) and the 1944/46 (both Mw>8) Nankai Trough earthquakes (Linde et al., 1998) . The recent discovery of slow slip in the western Tokai region of central Japan (Ozawa et al., 2002) , although much longer in duration than Cascadia slip events (18 months vs. 3 weeks), supports the hypothesis of a silent event as the cause of uplifting several days before the 1944 Tonankai earthquake. Consequently, the recogni- Episodic deep-slip events result in a transfer of stress to adjacent regions in discrete pulses. For the shallow-dipping megathrust zone located updip from the slip zone, each slip event brings the locked zone closer to failure. It is conceivable that one of these events may keep propagating updip and evolve into a trigger mechanism for a great subduction thrust earthquake.
tion of slip occurrence in real-time through the associated tremor activity may conceivably form the basis for timevarying seismic hazard estimates in the Cascadia region. The processes responsible for ETS are not well understood but are strongly suspected to involve super-critical fluids (cf. Kodaira et al., 2004) and semi-brittle behaviour of materials. To date, ETS has been positively identified in only the Cascadia and the Nankai subduction zones, both of which are young and produce abundant fluids from the dehydration of metabasalts at relatively shallow depths (Hyndman and Peacock, 2003) . The ETS zone beneath south-ern Vancouver Island also appears to correlate with a thick (>4 km) zone of pronounced shearwave reflectors (E-zone reflectors) that overly the subducting plate interface (Nedimovic et al., 2003) and underlie the topographic high of the Cascadia forearc. These correlations suggest that ETS could be associated with the formation of these reflectors or the mobilization of fluids in these zones. The regularity of occurrence of ETS and its along strike propagation remains unexplained.
